Abstract: β-SiAlON materials with different Z values (Z = 0.5-3) were fabricated by a reaction bonding combining post-sintering route using raw materials of Si, Al 2 O 3 , AlN, etc. The reaction bonded β-SiAlON (RB-β-SiAlON) were post-sintered at 1,750°C for 6 h. Apparent porosity, bulk density, bending strength and Vicker's hardness of the samples before and after post-sintering were tested. XRD results showed that the phase composition of both RB-β-SiAlON and post-sintered RB-β-SiAlON (PSRB-β-SiAlON) were β-SiAlON. For RB-β-SiAlON, the apparent porosity was decreased with the increase of Z values, while the strength and hardness was increased accordingly. After the post-sintering procedure, nearly full densified PSRB-β-SiAlON was obtained and the mechanical properties were significantly improved. The bending strength and Vicker's hardness of the PSRB-β-SiAlON (Z = 0.5) achieved 510 MPa and 16.5 GPa, respectively, which were as 2.7 and 6.7 times high as those of the corresponding RB-β-SiAlON. However, the strength and hardness of PSRB-β-SiAlON decreased with the increase of Z value due to the grain growth.
Introduction
SiAlON is a group of ceramic alloys based on silicon nitride (Si 3 N 4 ), silica (SiO 2 ), alumina (Al 2 O 3 ) and aluminum nitride (AlN). It has a wide composition and crystal structure. β-SiAlON solid solutions inherit the crystal structure of β-Si 3 N 4 with equivalent substitution of Al-O for Si-N. The β-SiAlON retains the metal: nonmetal ration of 3:4 and has chemical formula of Si 6-Z Al Z O Z N 8-Z (Z = 0-4.2), where Z is the number of (Si-N) bonds being replaced by (Al-O) bonds [1] [2] [3] . β-SiAlON has high thermal shock resistance and high retained strength at high temperature with good erosion resistance and low creep, and are promising materials for high temperature, high corrosive environments and high mechanical stress applications [2, 3] .
SiAlON components are usually manufactured by sintering the mixture powders of Si 3 N 4 , Al 2 O 3 , and AlN at high temperature in nitrogen atmosphere, which is called solid reaction sintering [4] [5] [6] [7] [8] [9] [10] [11] . But the raw materials for the solid reaction sintering route are very expensive. Reaction bonding method is attractive due to inexpensive raw materials. However, the strength of the reaction bonded β-SiAlON (RB-β-SiAlON) is poor because of its high porosity. A reaction bonding combining post-sintering (PSRB) route is attractive to produce Si 3 N 4 -based ceramic with high performance. Zhou et al. reported PSRB-Si 3 N 4 with full density, high thermal conductivity, high strength and high fracture toughness [12] [13] [14] [15] . Kaga et al. fabricated elongated α-SiAlON ceramics via the PSRB route and the mechanical properties were investigated [16] . Porous β-SiAlON ceramics were fabricated via the PSRB route by He et al. [17] . Dense β-SiAlON ceramics were also fabricated via the PSRB route by Brown et al. [18] and Hyuga et al. [19, 20] . Fabrications for dense β-SiAlON via the PSRB route mentioned above need higher temperature and nitrogen gas pressure. Mechanical properties of β-SiAlON, such as strength and hardness, are important for structural application, and are mainly depend on the microstructure of the β-SiAlON. However, few researches have been reported on the microstructure and mechanical properties of the β-SiAlON fabricated by the PSRB route.
In this study, β-SiAlON with high strength was fabricated via a reaction bonding combining post-sintering route by using Si, AlN and Al 2 O 3 as raw materials and Sm 2 O 3 as sintering additive at lower nitrogen pressure and temperature. The nitrogen pressure and temperature for post-sintering was 0.1 MPa and 1,750°C, respectively. The effects of Z values on the microstructure and mechanical properties of post-sintered RB-β-SiAlON (PSRB-β-SiAlON) were investigated.
Experimental
The raw materials are as following: Si (>99 %, 15 μm), α-Al 2 O 3 (>99.5 %, 1 μm), AlN (>99 %, 0.5 μm), Sm 2 O 3 (>99.5 %, 5 μm). The composition of β-SiAlON with different Z values could be calculated by eq. (1):
here, assuming that all the Si reacted with nitrogen to form β-SiAlON without any mass loss. The Z values in this study were 0.5, 1, 2 and 3, respectively. The addition of Sm 2 O 3 in the aim samples was 6 wt.%. The starting compositions of β-SiAlON with different Z values were shown in Table 1 . The above starting powder mixture was wet milled with alumina balls in ethyl alcohol for 20 h in plastic bottles. The resulting slurry was dried in an oven with temperature of 80°C. A mixed power was obtained by mixing PVA solution with the resulting powder in a mortar. A granulating procedure was performed by pressing the mixed power at 30 MPa, crushing and sieving through 0.5 mm mesh. The granulated powder was cold isotactic pressed (CIP) to piece with the dimension of 30 mm × 30 mm × 5-6 mm. The CIP pressure is 200 MPa.
The reaction bonding of β-SiAlON was performed in a MoSi 2 resistance furnace in nitrogen with final temperature of 1,450°C. The post-sintering of RB-β-SiAlON was performed by putting the RB-β-SiAlON samples in a vacuum furnace (High multi-5000, Fijidempa Co. Ltd, Osaka, Japan) at 1,750°C for 6 h in nitrogen atmosphere with a pressure of 0.1 MPa. During the post-sintering procedure, the samples were put in a powder bed of mixed Si 3 N 4 , Al 2 O 3 , AlN and h-BN to suppress the decomposition and avoid the deformation.
The bar with the size of 3 mm × 4 mm × 30 mm was cut from the as-sintered samples. The surface of the bar was polished and the edge of which was beveled. Distilled water was used as an immersion medium to measure the apparent porosity (AP) and bulk density (BD) of the samples. A three-point bending test was performed to measure the bending strength (σ f ) of the bar with a span of 16 mm and a loading speed of 0.5 mm · min . σ f vas calculated by eq. (2):
where F is the fracture force, L is the span (L = 16 mm), b is the width of the bar's cross section (b = 4 mm) and h is the height of the bar's cross section (h = 3 mm). Vicker's hardness (HV) was tested by a Vicker's hardness tester (Shanghai jimin measuring equipment Co. Ltd, HVC-10A1) with a load of 10 kg and dwell time of 15 s, and the HV10 was calculated. Each final value was averaged over five measurements, and the standard deviation was calculated. An X-ray diffraction analysis was performed by an X-ray diffraction instrument (XRD, X'Pert Pro) to analyze the phase composition. And a field emission scanning electron microscopy (FE-SEM, FEI Quanta600) was employed to observe the microstructure.
Results and discussion
XRD patterns of the produced RB-β-SiAlON and PSRB-β-SiAlON samples are shown in Figure 1 . It can be seen that the main phase of both RB-β-SiAlON and PSRB-β-SiAlON is β-SiAlON. Due to the increase of lattice constant, the diffraction peaks of the samples shift to the left with the increase of Z values [1, 2] . Figure 2 shows the effect of Z values on physical properties, such as AP, BD, σ f , and HV10 of the samples. It can be seen that, for RB-β-SiAlON, the AP of the samples with Z = 0.5 is 25.6 % and the BD of which is 2.35 g · cm with the Z values increase from 0.5 to 3. Generally, liquid phase appear during sintering of β-SiAlON, and the densification of the RB-β-SiAlON can be accelerated by The AP variation of the samples can also be confirmed by the SEM micrographs for fracture surfaces of the RB-β-SiAlON samples (Figure 3 ). σ f of the RB-β-SiAlON is increased from 138 MPa to 233 MPa and the HV10 is increased from 2.5 GPa to 10.0 GPa with the Z values increase from 0.5 to 3. For materials with different porosities, the mechanical properties, such as strength and hardness, are mainly affected by the porosity (or density). The pores in materials reduce the sustaining area and the stress is concentrated in the region near the pores. The strength of the material with lower porosity is higher and the hardness is also higher, accordingly. Therefore, the σ f and HV10 of the RB-β-SiAlON are increased with the increase of the Z values.
For PSRB-β-SiAlON, the AP of the samples were less than 1 %, no obvious variation could be observed among the AP of samples with different Z values. The BD of the PSRB-β-SiAlON samples is higher than 3.0 g · cm −3 , which is corresponding to the low AP of the samples. The BD shows a slight decline with the is increase of the Z values. The lattice constant of β-SiAlON is increased with the increase of the Z values, so the theoretical density of the β-SiAlON is decreased accordingly [9, 10] . Thus, the declining of the BD can be ascribed to the increased lattice parameters of β-SiAlON. Low porosity and high density mean that PSRB-β-SiAlON with nearly full density were obtained by the post-sintering of RB-β-SiAlON at 1,750°C for 6 h. Due to the full density obtained by the post-sintering route, the σ f of PSRB-β-SiAlON with Z = 0.5 achieves 510 MPa, which is as 2.7 times high as that of RB-β-SiAlON. The HV10 of PSRB-β-SiAlON with Z = 0.5 and Z = 1 is 16.5 GPa and 16 GPa, respectively, which are as 6.7 and 5.5 times high as those of RB-β-SiAlON, and the HV10 are representative values for dense β-SiAlON ceramic [9, 10] . The full density of the samples without apparent pore can also be confirmed by the SEM micrographs for fracture surface (Figure 4 ) and the BSE micrographs for polished surface of the PSRB-β-SiAlON ( Figure 5 ). In addition, all of the samples were basically made up of rod-like elongated grains. (Figure 4(a) ), and the fracture behavior mostly turns to transgranular fracture in PSRB-β-SiAlON samples with Z = 3 ( Figure 4(d) ).
Smaller grains have a higher surface energy than larger grains, hence higher total Gibbs energy either. Higher surface energy and higher total Gibbs energy giving rise to an apparent higher solubility. So during the post-sintering procedure, small β-SiAlON grains dissolve in the liquid phase and reprecipitation on the larger grains, which is called Ostwald ripening via dissolutiondiffusion-precipitation mechanism. The grain size follows a simple power law [26] ,
where G 0 is the initial grain size, t is the sintering time, G is the grain size at sinter time t, K is the grain growth rate constant. In practice, grain growth data for dense ceramics yield n values ranging from 2 to 4. K is related to the mechanism of transporting and can be expressed by Oswald ripening model via solid diffusivity in the liquid (D S ), solubility of the solid in the liquid (C), solid molar volume (Ω), solid-liquid surface energy (γ SL ), perfect gas constant (R) and Kelvin temperature (K) as following [24] :
Thus higher diffusion rate expedite the grain growth. Lower viscosity of liquid phase can accelerate the diffusion during the solution-reprecipitation process [17] . With the increase of Z values, more liquid phase can be obtained and lower viscosity is achieved, leading to the acceleration of grain growth. Thus, the grain size of PSRB-β-SiAlON with higher Z values is larger than those with lower Z values. Due to higher growth rate of the β-SiAlON grains with higher Z values, more inner defects exist in the resulted grains, as can be seen in Figure 5 (d).
The changing of the fracture model in PSRB-β-SiAlON can be attributed to the inner defects caused by higher growth rate of the grain size. For dense materials, the strength and the hardness are obviously affected by the grain size, larger grain size induce lower strength and hardness of the material [27] [28] [29] . Therefore, for PSRB-β-SiAlON, the σ f is decreased from 510 MPa to about 105 MPa and the HV10 is decreased from 16.5 GPa to 13.4 GPa with the increase of Z values. Due to large grain size and much inner defects in the β-SiAlON grains, the strength of the PSRB-β-SiAlON with Z = 3 is even lower than that of RB-β-SiAlON with Z = 3. 
Conclusions
Dense β-SiAlON materials with different Z values were successfully fabricated by a reaction bonding combining post-sintering method with lower post-sintering temperature (1,750°C) and nitrogen pressure (0.1 MPa). For RB-β-SiAlON, the apparent porosity was decreased with the increase of Z values, while the strength and hardness were increased accordingly. After the postsintering procedure, nearly full densified PSRB-β-SiAlON was obtained and the mechanical properties were significantly improved. The bending strength and Vicker's hardness of the PSRB-β-SiAlON (Z = 0.5) achieved 510 MPa and 16.5 GPa, respectively, which were as 2.7 and 6.7 time high as those of the corresponding RB-β-SiAlON. However, the strength and hardness of the PSRB-β-SiAlON were decreased with the increase of Z value due to the grain growth. The reaction bonding combining post-sintering is an attractive route to produce high performance β-SiAlON by using low-cost raw materials.
